The kinesin-binding site on the microtubule has not been identified because of the technical difficulties involved in the mutant analyses of tubulin. Exploiting the budding yeast expression system, we succeeded in replacing the negatively charged residues in the a-helix 12 of b-tubulin with alanine and analyzed their effect on kinesin-microtubule interaction in vitro. The microtubule gliding assay showed that the affinity of the microtubules for kinesin was significantly reduced in E410A, D417A, and E421A, but not in E412A mutant. The unbinding force measurement revealed that in the former three mutants, the kinesin-microtubule interaction in the adenosine 5 0 -[b,cimido]triphosphate state (AMP-PNP state) became less stable when a load was imposed towards the microtubule minus end. In parallel with this decreased stability, the stall force of kinesin was reduced. Our results implicate residues E410, D417, and E421 as crucial for the kinesinmicrotubule interaction in the strong binding state, thereby governing the size of kinesin stall force.
Introduction
Kinesin is a molecular motor involved in many cellular forcegenerating processes such as organelle transport and chromosome segregation (Vernos and Karsenti, 1996; Goldstein and Yang, 2000) . Conventional kinesin contains two identical heavy chains and can move processively along a microtubule more than 1 mm in length without dissociation (Howard et al, 1989; Block et al, 1990) . Processive movement of kinesin is explained by the hand-over-hand model, in which the motor maintains continuous contact with the microtubule as a result of alternating head catalysis of ATP (Hackney, 1994; Ma and Taylor, 1997) . At each ATP hydrolysis cycle, kinesin makes an 8-nm step (equal to the size of tubulin dimer) towards the microtubule plus end (Hua et al, 1997; Schnitzer and Block, 1997) , and this stepping motion is triggered by a conformational change in the ATP-bound head (Rice et al, 1999) .
Docking of the crystal structure of kinesin into cryoelectron-microscopy maps of kinesin-microtubule complex indicated L8, L11, and a4/L12/a5 in the motor domain of kinesin as the structural key elements for microtubule binding in the presence of AMP-PNP, a non-hydrolyzable ATP analogue mimicking the ATP-bound state (Hirose et al, 1999; Hoenger et al, 2000; Kikkawa et al, 2000; Skiniotis et al, 2004) . In this model, L8 may bind to a-helix 12 (H12) in b-tubulin, and L11 extends towards the H11-H12 loop in a-tubulin. a4/L12/a5 is also closely associated with H12 in b-tubulin and possibly with the C-terminus of b-tubulin, which is not defined in the crystal structure. The model indicates that kinesin-microtubule interaction might be mediated by electrostatic interactions. Some of the positively charged amino acids in these contact areas of kinesin potentially interact with the negatively charged surface of the microtubule, which is mainly composed of H12 in b-tubulin. Consistent with this assumption, using alanine-scanning mutagenesis of kinesin, several positively charged residues in L7/8, L11, and a4/L12/a5 have been identified as microtubule-interacting kinesin residues (Woehlke et al, 1997) . However, the critical residues on tubulin have not been identified.
Proteolytic digestion of the C-terminal region of tubulin led to the reduced processivity of both single-and double-headed kinesin Thorn et al, 2000; Wang and Sheetz, 2000; Lakämper and Meyhöfer, 2005) . The biochemical measurement of K d of kinesin to both intact and protease-digested microtubule revealed that the negatively charged C-terminus of tubulin may be a binding partner for kinesin in the weak binding state (ADP state), but not in the strong binding state (AMP-PNP state) Skiniotis et al, 2004; Lakämper and Meyhöfer, 2005) . A structural element other than the tubulin C-terminal region may serve as an interface that is specific for the strong binding state; the structural analyses have implicated H12 in b-tubulin as a potential candidate for this (Hirose et al, 1999; Hoenger et al, 2000; Kikkawa et al, 2000; Skiniotis et al, 2004) . For elucidating the mechanism of kinesin motility, it is essential to identify the structural elements involved in each chemical state because the physi-cochemical properties inherent to each chemical state might be critically dependent on the interface configuration and the surface force type that works between the interfaces (Israelachvili, 1992; Okada and Hirokawa, 2000; Skiniotis et al, 2004; Lakämper and Meyhöfer, 2005) .
Our lack of knowledge about kinesin interface on tubulin is attributed to the technical difficulties involved in mutant analysis of tubulin. Tubulin is a heterodimer composed of a-and b-polypeptides, each requiring a distinct set of chaperons for proper folding. Apart from this complexity, multiple a-and b-tubulin genes are found in most eukaryotic cells, with each subunit undergoing different post-translational modifications (Luduena, 1998) . Consequently, it has been difficult to express and purify isotypically pure tubulin in biochemically useful amounts.
Here, we have used the budding yeast Saccharomyces cerevisiae to conduct mutant analyses on microtubules. S. cerevisiae contains only two a-tubulin genes (TUB1 and TUB3) and one b-tubulin gene (TUB2); since TUB3 is nonessential, it provides a potential source of isotypically pure tubulin . Using TUB3-null cells, we succeeded in generating a set of charged-to-alanine point mutations in the sequence coding for H12 in b-tubulin. Each of these mutated tubulins was purified from the cell lysate, polymerized into microtubules, and the effect of mutation was examined in microtubule gliding assay on conventional two-headed kinesin. This showed that the affinity of microtubule for kinesin was reduced in E410A, D417A, and E421A mutants. The measurement of the unbinding force (Kawaguchi and Ishiwata, 2001; Uemura et al, 2002) revealed that in the former three mutants, the kinesin-microtubule interaction in AMP-PNP state became less stable for minus end loading, whereas their interaction in ADP state was unaffected by the mutations. These results indicate that the negatively charged amino-acid residues E410, D417, and E421 in b-tubulin are crucial for the strong binding of kinesin to the microtubule.
Hereafter, we have abbreviated the a-helix and b-sheet in the tubulin structures as 'H' and 'S,' corresponding to a and b, respectively, in the kinesin structure, according to the original paper on the structure of microtubule (Nogales et al, 1998) .
Results

Construction, expression, and purification of H12 mutated microtubules
To prepare isotypically pure tubulin, we used TUB3-null yeast cells, having only a single a-and b-tubulin gene, TUB1 and TUB2, respectively (see Supplementary Methods and Table  SII) . As the aim of this study was to examine the motility of kinesin along the mutated microtubules, it was necessary to obtain yeast microtubules that were stable at low concentrations required for in vitro motility assay (B10 mg/ml). Hence, Taxol-binding ability was introduced into a b-tubulin gene by site-directed mutagenesis at five amino acids , and the gene tub2-A19K-T23V-G26D-N227H-Y270F thus obtained was referred to as TUB2 tax . The yeast strain expressing TUB1 and TUB2 tax was used as the wild-type in the following analyses.
To examine the function of b-tubulin H12 in kinesin motility, we generated a set of charged-to-alanine point mutations in the sequence coding for H12 in b-tubulin (Figure 1 ). Among these four mutants, E410A and D417A were haploid lethal. Therefore, we attempted to isolate these mutated tubulins by expressing two species of tub2 tax genes in a strain, one of which, tub2 tax -plusE (tub2 tax -440 GDFGE EEEGEEEEGEEEEGEEEEGEEEEA), contains numerous negatively charged amino acids at the C-terminus and the other, tub2 tax -E410A or tub2 tax -D417A, which has point mutation in H12; the latter is under the control of the inducible galactose promoter (Burke et al, 1989) . The haploid cells were first grown in YPD medium, expressing only tub2 tax -plusE. When the growth reached the late-log phase, the cells were transferred to YPG medium containing galactose for inducing the coexpression of tub2 tax -E410A (or tub2 tax -D417A). The cells were cultured for another 8 h in YPG medium, and then harvested for tubulin purification. The cell lysate contains two species of tubulin dimers, including either Tub2 tax p-plusE or Tub2 tax p-E410A (or Tub2 tax p-D417A) as b-tubulin subunit, but these two species can be separated using their charge differences during purification (see Supplementary Figure  S1 ). For the other two mutants, E412A and E421A, tubulin could be readily purified from the cultured haploid cells as these cells containing only this mutated tubulin were viable under normal growth conditions (YPD medium).
To purify tubulin from the cell lysate, a couple of anion exchange column chromatographies were successively used (Davis et al, 1993) , and the crude tubulin fraction eluted from the second column was further purified by polymerization (Nogales et al, 1998) . Image analysis of the kinesin-microtubule complex revealed that in both nucleotide free and AMP-PNP state, kinesin motor domain is associated in close proximity to H11 (orange), H12 (cyan), and the COOH terminus (undefined in crystal structure) of b-tubulin (Kikkawa et al, 2000; Hoenger et al, 2000) . The acidic residues in H12 mutagenized to alanine are indicated in blue.
and depolymerization (see Supplementary Methods and Figure S2 ). This procedure generated approximately 30 mg of assembly-competent tubulin from 6L of culture with purity higher than 95% on SDS gel electrophoresis ( Figure 2A ). To examine if these mutated tubulins were post-translationally modified at their C-terminus (Luduena, 1998) , both a-and b-polypeptides were analyzed by electrospray ionization/ion trap and quadrupole-TOF mass spectrometry. The MS and MS/MS data suggested that the isolated tubulin dimers predominantly contained a-and b-polypeptides lacking any post-translational modifications at the C-terminal region (Supplementary Figure S3) .
When these isolated tubulins (0.5-1.0 mg/ml) were incubated at 301C in the presence of 1 mM Taxol, all species of tubulins could polymerize into long filaments having length up to B20 mm ( Figure 2B ).
In vitro motility assay
To examine the influence of the mutations on kinesinmicrotubule interaction, these mutated microtubules were first tested in the microtubule gliding assay on the conventional two-headed kinesin. When the density of kinesin on the glass surfaces was 41000 mm -2 , both wild-type and mutated microtubules showed smooth gliding movement at similar velocities (Table I) . When the direction of the movement was examined using polarity marked microtubules (Tanaka-Takiguchi et al, 1998) , the movement of kinesin was plus-end-directed in all cases. However, at kinesin density of B100 mm -2 , the wild-type and the E412A microtubules showed smooth gliding movement, whereas the E410A, D417A, and E421A microtubules often rotated erratically about a roughly vertical axis, resulting in wobbly gliding motions. This indicates that the latter three mutants may have lower affinity for kinesin as compared to the wild-type.
To quantify the affinity of these mutated microtubules for kinesin, we measured the fraction of the microtubules that moved a distance greater than their own lengths, f, over a range of kinesin densities (Figure 3A and B; Howard et al, 1989) . Here, to compare between each mutant and wild-type, the length of the microtubules was adjusted to approximately 3 mm in all strains (see Materials and methods). The result showed that in the wild-type, virtually all the microtubules moved more than their own length at kinesin density 4300 mm -2 , and the fraction of the microtubules that covered distances greater than their own length gradually decreased with the decrease in kinesin density. At kinesin density o10 mm -2 , no microtubules covered distances greater than their own lengths. For continuous movement of a microtubule over distance greater than its own length, if a minimum number, n, of kinesin molecules are required to interact with the microtubule, then the data points can be fit to the equation
where r is the kinesin density (variable), r 0 is a fit parameter (Materials and methods; Howard et al, 1989; Hancock and Howard, 1998) . The best fit was obtained with n ¼ 1 and r 0 ¼ 39.8 mm À2 (P ¼ 0.041; w 2 test), indicating that the wildtype microtubule can move processively along a single kinesin molecule randomly located on the glass surface. The result is similar to the previous observation on brain microtubules.
In contrast, whereas the data set for E412A showed a dependence on kinesin density similar to the wild-type (n ¼ 1, r 0 ¼ 43.6 mm À2 , P ¼ 0.032; w 2 test), E410A, D417A, and E421A required significantly higher concentrations of kinesin to move a distance greater than their own lengths ( Figure 3B ). For the latter three mutants, the fraction curves were steeper and shifted to the right along the log density axis. When each of the data set was fit to the same equation, the best fit was obtained with n ¼ 2, r 0 ¼100.9 mm -2 for E410A, n ¼ 2, r 0 ¼152.1 mm -2 for D417A, and n ¼ 3, r 0 ¼ 42.9 mm -2 for E421A, and the corresponding P-values were 0.047, 0.012, and 0.010, respectively (w 2 test). These results indicate that alanine substitution at E410, D417, and E421 might have reduced the affinity of microtubules for kinesin either by lowering the efficiency of the initial interaction of the microtubules with kinesin molecules and/or by reducing the extent of microtubules processivity along the kinesin molecules. r 0 for E410A and D417A was higher than that for the wildtype. This implies that at a given kinesin density, although the collision frequency was constant for all the species of microtubules, the initial interaction of the E410A/D417A microtubules with kinesin molecules might have occurred at a relatively low frequency as compared to the frequency observed with the wild-type microtubules. Contrastingly, r 0 for E421A was comparable to that of the wild-type, indicating that in E421A mutants, the initial interaction might have occurred at a frequency similar to that of the wild-type. The parameter r 0 may reflect the activation energy of the microtubule necessary for its initial interaction with kinesin on the glass surface (Fersht, 1984; Hackney, 1995) .
Conversely, the parameter n is a measure of multivalency in the kinesin-microtubule interaction occurring at the microtubule's interface with the kinesin-coated surface. For E410A, D417A, and E421A mutants, n was 41. This result may indicate that either a simultaneous, collective action of multiple motor molecules is required for the stable gliding movement of mutated microtubules (Hancock and Howard, 1998; Shima et al, 2006) or that a run length of a single kinesin along the mutated microtubule is too short to support the gliding movement of microtubule over a distance greater than its own length. In microtubule gliding assay, the fraction of microtubules that moved a distance greater than their own length (B3 mm), f, was measured, and (B) plotted as a function of kinesin density, r. Total number of microtubules counted for wild-type (black), E410A (blue), E412A (orange), D417A (red), and E421A (green) were 495, 328, 657, 496, and 388, respectively. Continuous curves are the plot of equation (1). Error bars represent the statistical counting errors, calculated according to Materials and methods. (C) In single molecule motility assay using TIRFM, the motility of HK560-Cy3 was examined, and (D) the distribution of the kinesin run length and the velocity was analyzed for both the wild-type and the mutated microtubules. HK560-Cy3 did not interact with the E410A and D417A microtubules. Total number of the events counted for wild-type, E412A, and E421A were 374, 329, and 333, respectively.The mean run length and the mean velocity, calculated according to Supplementary Methods, are shown in each panel with the errors of the curve fits.
To understand which the operative mechanism is, we conducted a single molecule motility assay ( Figure 3C) ; the motility of fluorescently labeled two-headed kinesin HK560-Cy3 (0.29 nM) was examined along these mutated microtubules using total internal reflection fluorescence microscopy (TIRFM). The result showed that whereas kinesin moved processively along the wild-type and E412A microtubules, it scarcely interacted with the E410A and D417A microtubules ( Figure 3D ). For E421A, kinesin could move along the microtubule, but its processivity was reduced as compared to that of the wild-type. The mean run length of kinesin for the wildtype, E412A, and E421A microtubules was 0.84370.004 mm, 0.83770.006 mm, and 0.66370.004 mm, respectively. These results are consistent with the values of r 0 and n derived from the fraction curves in Figure 3B . The estimated value of n ¼ 3 for E421A was due to the reduced processivity of single kinesin.
It is reasonable that only the E410A, D417A, and E421A mutations affected the kinesin-microtubule interaction. Docking experiments of the crystal structure of kinesin into cryoelectron-microscopy maps of kinesin-microtubule complex revealed that H12 of b-tubulin is located on the surface of microtubules and aligned diagonally to the longitudinal axis of protofilament (Hoenger et al, 2000; Kikkawa et al, 2000) . In its coiled structure, the residues E410, D417, and E421 are facing kinesin, whereas E412 is positioned on the opposite side, facing the microtubule core.
Unbinding force
To clarify the chemical state at which the binding affinity of the microtubules for kinesin was modulated in the mutants, we measured the force required to dissociate kinesin from these mutated microtubules (unbinding force) under two nucleotide conditions-in the presence of ADP and AMP-PNP (Kawaguchi and Ishiwata, 2001; Uemura et al, 2002) .
One-headed kinesin heterodimers were used for the measurement because our previous work demonstrated that the two distinct binding modes (weak and strong), each inherent to the nucleotide condition, can be unambiguously characterized with the single-headed kinesin (Uemura et al, 2002) . Using optical tweezers, a polystyrene bead attached with a single-headed kinesin (Kojima et al, 1997) was made to interact with a microtubule in the presence of either 1 mM ADP or 1 mM AMP-PNP. An external load was gradually applied to the kinesin-microtubule complex by moving the stage of the microscope towards the plus end or the minus end of the microtubule until the bead dissociated from it. The unbinding force was calculated by multiplying the magnitude of abrupt bead displacement during detachment with the stiffness of the optical tweezers.
The yeast wild-type microtubules showed properties similar to those observed previously for brain microtubules (Figure 4 ; Kawaguchi and Ishiwata, 2001; Uemura et al, 2002) . Unbinding force in the AMP-PNP state was significantly higher than that in the ADP state, and in each nucleotide state, the unbinding force for the minus-end loading was higher than that for the plus-end loading. The dependence on loading direction in the ADP state, however, was not as significant as in the AMP-PNP state.
Whereas the unbinding force in ADP state for mutated microtubules was almost similar to that measured for wild-type ( Figure 4A ), the unbinding force in AMP-PNP state was significantly altered by mutations ( Figure 4B ). In the presence of AMP-PNP, the unbinding force for minus-end loading was considerably reduced in all three mutants (7.870.4, 5.370.3, 3.870.2, and 3.670 .2 pN for wild-type, E410A, D417A, and E421A, respectively; mean 7s.e.m.), yet the unbinding force for plus-end loading was scarcely affected (5.770.3, 5.270.3, 6.270.4, and 5.670 .3 pN for wild-type, E410A, D417A, and E421A, respectively). Unexpectedly, the mutations rendered the kinesinmicrotubule interaction less stable only for minus-end loading. In the presence of ADP, the unbinding force measured for mutants was fairly similar to that of the wild-type except in the case of E421A, where the asymmetry for loading direction was reversed.
The residues E410, D417, and E421 appeared to be crucial for the strong binding of kinesin to the microtubules, and this may underlie the reduced affinity of these mutated microtubules for kinesin during movement (Figure 3 ).
Stall force
Previous measurements of the mechanical properties of twoheaded kinesin indicated that the kinesin stall force might be determined by (1) the binding affinity of the head to the microtubule in the strongly bound state and (2) the ATPbinding kinetics to the nucleotide-free head (Visscher et al, 1999; Nishiyama et al, 2002; Lakämper and Meyhöfer, 2005; Shao and Gao, 2006) . Thus, the kinesin stall force exerted on the mutated microtubules with reduced affinity for kinesin in AMP-PNP state is expected to be smaller than that exerted on the wild-type microtubules. To examine this hypothesis, we next attempted to measure the stall force of conventional two-headed kinesin along these mutated microtubules.
When the displacements and forces caused by single kinesin molecules were measured in the presence of 1 mM ATP using optical tweezers (trap stiffness ¼ 0.076 pN/nm), the stall force measured for E410A, D417A, and E421A was 3.570.1, 3.070.1, and 3.170.1 pN, respectively (mean7 s.e.m.). These values were significantly lower than that measured for the wild-type (5.670.2 pN) ( Figure 5A and B). Although we observed the processive movement of kinesin only for the wild-type, E412A, and E421A microtubules in the single molecule motility assay ( Figure 3D ), in the experiment using optical tweezers, a single-kinesinbound bead is also observed to move along the E410A and D417A microtubules, probably because their initial interaction/ successive interaction with the microtubule was enforced by the laser trap.
For wild-type and E421A mutant, the stall forces were independent of the trap stiffness, ranging from 0.019 to 0.076 pN/nm (Kojima et al, 1997) . Contrastingly, for E410A and D417A microtubules, the stall force was almost constant down to the trap stiffness of 0.038 pN/nm. However, below this trap stiffness value, the stall force gradually declined with the decrease of the stiffness (data not shown), indicating that in these mutants, the duration of the kinesin-microtubule interaction might be limited not only by the limit in the maximum force but also by the limit in the run length (B200 nm).
When the stall force measured at the trap stiffness of 0.076 pN/nm was plotted against the unbinding force measured in the presence of AMP-PNP ( Figure 5C ), it became clear that the stall force is a linear function of the unbinding force for minus end loading. Our result clearly demonstrates that the size of the stall force depends on the force the head can bear against a load imposed towards the minus end in its strong binding state (Visscher et al, 1999; Nishiyama et al, 2002; Lakämper and Meyhöfer, 2005; Shao and Gao, 2006) .
Discussion
Phenotype of yeast mutants and motility of the mutated microtubules in vitro
Utilizing yeast expression system, we have produced a set of charged-to-alanine mutations in b-tubulin H12, which has been implicated as a major constituent of kinesin interface in previous structural studies (Hirose et al, 1999; Hoenger et al, 2000; Kikkawa et al, 2000; Skiniotis et al, 2004) . Among the four charged amino acids in H12, two amino-acid residues E410 and D417 appeared to be critical for the function of microtubules in living cells because substitution of these residues with alanine caused the yeast cells expressing only this mutated tubulin to become haploid lethal. It is unlikely that the lethality is due to the unsuccessful protein folding or global change in the tubulin structure because the mutated tubulins could polymerize into microtubules ( Figure 2B ). The most likely explanation for the observed lethality is that the alanine substitution of these charged residues might have deteriorated the intermolecular interaction of microtubules with various proteins (Al-Bassam et al, 2002; Mizuno et al, 2004) , leading to the aberrant cellular transport and/or abnormal assembly of cellular architecture. All four acidic residues in H12 are highly conserved across the species (Little and Seehaus, 1988) , indicating that the structure of H12 is refined through evolution to play a key role in the intermolecular interactions of microtubules.
Microtubule gliding assay using these mutated microtubules showed that the reduced charges in E410, D417, and E421 led to a decrease in their affinity for kinesin during movement, whereas the reduced charge in E412 had no influence ( Figure 3B) . Ineffectiveness of the mutation at residue E412 is consistent with the 3D model of kinesinmicrotubule complex showing that E412 faces the microtubule core and is situated in a direction opposite the kinesin interface ( Figure 1B ; Hoenger et al, 2000; Kikkawa et al, 2000) . Although the other three mutants showed reduced affinity for kinesin, the profile of their fraction curves indicates that the mechanism underlying the reduction of affinity might be different among the mutants; in E410A and D417A mutants, both initial interaction of kinesin with the microtubule and subsequent processive movement might have deteriorated, whereas in the E421A mutant, only the processivity might have been modulated by mutation. This interpretation was confirmed by the behavior of two-headed kinesin observed under TIRFM (Figure 3C and D) . At the kinesin concentration of 0.29 nM, we could observe the processive movement of single kinesin molecules along the wild-type and E421A microtubules, whereas no interaction was observed for E410A and D417A microtubules. In the E421A mutant, the mean run length achieved by single kinesin was slightly reduced as compared to the wild-type.
It is possible that these differences between E410A/D417A and E421A mutants might explain the phenotypic differences between these two groups. The yeast cells of the former group were haploid lethal probably because the organelle vesicles with merely few motor proteins attached could not interact with the E410A/D417A microtubules, causing serious deterioration in organelle transport. As kinesin shares the same binding site on microtubules with the motors having opposite directionality (Lockhart et al, 1995; Mizuno et al, 2004) , these mutations of microtubules might also disrupt the organelle transport directed towards the microtubule minus end. Conversely, the yeast E421A strain was viable because vesicles could still move along the E421A microtubules, although the efficiency of transport was lowered by the mutation.
The reduced stability of the kinesin-microtubule interaction in H12 mutants is consistent with the 3D model of the kinesin-microtubule complex showing that several positively charged amino acids in L8 and L12 of kinesin are located in close proximity to the negatively charged residues of H12 in b-tubulin (Hoenger et al, 2000; Kikkawa et al, 2000) . Our result is also complementary to the result of the previous mutagenesis study on kinesin, demonstrating that the positively charged residues in L7/8, L11, and a4/L12/a5 of kinesin are crucial for kinesin-microtubule interaction during movement (Woehlke et al, 1997) . These positively charged residues in kinesin L8 and L12 may electrostatically interact with the negatively charged residues of H12, playing a key role in the mechanism of motility.
Charge reduction in H12 decreased the stability of the strong binding state Consistent with the reduced affinity measured in the motility assays, the measurement of the unbinding force has revealed that in these mutants, the stability of the kinesin-microtubule interaction in the AMP-PNP state was reduced for minus-end loading, but the stability in ADP state remained constant (Figure 4 ). This result contrasts with the previous observation that the removal of the negatively charged C-terminus of tubulin (E-hook) by protease treatment decreased the stability of the kinesin-microtubule interaction only in the ADP state, but not in the AMP-PNP state Skiniotis et al, 2004; Lakämper and Meyhöfer, 2005) . E-hook and b-tubulin H12 apparently serve as an interface for kinesin specific for ADP and AMP-PNP state, respectively. These independent interfaces might be the structural basis for the physicochemical properties distinct for each chemical state. In the ADP state, mobility freedom of the motor has to be ensured to a certain extent while it is loosely anchored to the microtubule surface Wang and Sheetz, 2000; Sosa et al, 2001; Skiniotis et al, 2004; Lakämper and Meyhöfer, 2005) , whereas in the AMP-PNP state, the motor has to be tightly attached to the microtubule so that it can sustain load (Visscher et al, 1999; Kawaguchi and Ishiwata, 2001; Nishiyama et al, 2002; Uemura et al, 2002; Shao and Gao, 2006) .
As suggested by the structural studies (Hoenger et al, 2000; Kikkawa et al, 2000) and the mutational analyses of kinesin (Woehlke et al, 1997) , the binding site for kinesin in the strong binding state may not be confined in H12, but is rather spanned over an extensive area of tubulin. In this respect, it is noteworthy that the stability of the interaction in AMP-PNP state was modulated by mutations in H12 only for minus-end loading. For plus-end loading, some unidentified structure in tubulin, independent of b-tubulin H12, might be responsible for the stability of the interaction.
Although the structural elements that determine the shape of the binding potential for strong binding have not been fully identified, the measurement of the stall force demonstrated that the size of the stall force was linearly related to the unbinding force for minus-end loading, but it was independent of the unbinding force for plus-end loading ( Figure 5C ). As predicted from the analyses of the force-velocity relationship of single kinesin molecule (Visscher et al, 1999; Nishiyama et al, 2002; Carter and Cross, 2005; Lakämper and Meyhöfer, 2005; Shao and Gao, 2006) , for two-headed kinesin to produce force, it might be crucial for the trailing head in the strong binding state to sustain against the load imposed towards the minus-end direction. Our result is the first direct demonstration that the stall force is directly related to the stability of the strong binding state.
Stability of the strong binding state is not directly related to kinesin processivity
Now, if we review the results obtained in two motility assays (Figure 3B and D) with the understanding that the affinity of the kinesin-microtubule interaction in the strong binding state was modulated in all three mutants (E410A, D417A, and E421A), we can have further insights into the mechanism of kinesin processivity. Despite the reduced affinity in the strong binding state, in the single molecule motility assay, processive movement of kinesin was reduced only slightly in the E421A mutant, whereas kinesin could scarcely interact with the E410A and D417A microtubules (Table II) . In the latter two mutants, even when the initial interaction of kinesin with the microtubule was enforced using optical tweezers, kinesin showed only a poor processive movement, with its longest mean run length being B200 nm ( Figure 5 ). These results indicate that the stability of the strong binding state is not the only factor that determines the processivity of the twoheaded kinesin.
The differences between E410A/D417A and E421A mutants might depend on whether or not the leading head can readily attach to the microtubule before the trailing head dissociates from the microtubule. As proposed in the walking model of the kinesin movement, the processive movement of the twoheaded kinesin might be a result of mechanical and chemical coordination between the two heads (Hackney, 1994; Ma and Taylor, 1997; Rice et al, 1999; Kawaguchi and Ishiwata, 2001; Uemura et al, 2002; Uemura and Ishiwata, 2003; Schief et al, 2004; Shao and Gao, 2006) . If the ADP release from the leading head and the strong binding of this head to the microtubule occurs before the phosphate release from the trailing head and concomitant dissociation of the trailing head from the microtubule, kinesin might succeed to make a forward step. Such a coordination of the two heads might be somehow distracted in E410A/D417A mutants.
The 3D model of the kinesin-microtubule complex indicates that the basic residue in kinesin L8 faces the acidic residues E410 and D417 of b-tubulin, whereas some of the basic residues in kinesin L12 face the residue E421 of b-tubulin (Hoenger et al, 2000; Kikkawa et al, 2000; Skiniotis et al, 2004) . Considering this structure, one can hypothesize that the interaction via kinesin L8 might be critical for the leading head to tightly bind the microtubule (Alonso et al, 1998; Klumpp et al, 2003; Ogawa et al, 2004) . Currently, such an idea remains highly speculative, and to understand the exact mechanism, kinetical steps in the enzymatic cycle that are affected by each of the mutations should be addressed in future studies. Mutational analysis of tubulin developed in this study has opened a route for future studies to thoroughly identify the structural elements on kinesin interface in both strong and weak binding states, and to relate how each element is involved in the mechanochemical cycle of kinesin.
Materials and methods
Preparation of the H12 mutants
The plasmids and the yeast mutant strains were constructed as described in Supplementary Methods and are listed in Table SII .
Purification of yeast tubulin from mutants
Tubulin was purified from the yeast cell lysate via the successive use of ion exchange column chromatographies (DEAE-Sepharose and Mono-Q; Davis et al, 1993) , followed by a cycle of tubulin polymerization and depolymerization. For details, see Supplementary Methods, Figures S1 and S2.
Microtubule gliding assay
We adapted a previously reported method (Howard et al, 1989) for our microtubule gliding assay, except that the standard buffer solution in the original assay was replaced by motility assay buffer (MA buffer) comprising 10 mM piperazine-N,N 0 -bis(2-ethanesulfonic acid) (PIPES), 5 mM K-acetate, 2 mM MgSO 4 , 1 mM EGTA and 0.1 mM EDTA (pH 6.8) (see Supplementary Methods for detail). To maintain the ionic condition of the solution constant throughout the study, MA buffer was used in the microtubule gliding assay, single molecule motility assay, and unbinding force and stall force measurements. Data not available because single kinesin molecules did not spontaneously bind to these microtubules.
In an experiment that measured the fraction of microtubules that moved for a distance greater than their own length (Figure 3A and B; Howard et al, 1989; Hancock and Howard, 1998) , the mean lengths of the microtubules was adjusted to B3 mm by controlling the concentration of tubulin and Taxol at the initial stage of polymerization. Based on the video images, microtubule lengths and distances that moved were measured using the public domain program, Image J. The data were collected at variable kinesin densities, and at each density, the fraction of microtubules that moved for a distance greater than their own length, f, was calculated. The data points were fit by equation (1), where r is the kinesin density (variable), r 0 is a fit parameter, and n is the number of kinesin molecules required for a microtubule to move for a distance greater than its own length. The error bars in the curves ( Figure 3B ) represent the statistical counting errors defined as follows, s.e.m. ¼ (f(1Àf)/N) 1/2 , where fa0 or 1; s.e.m. ¼ 1/N if f ¼ 0 or 1. Although the lengths of the microtubules were adjusted to B3 mm in both mutated and wild-type microtubules, their mean lengths were slightly different among the preparation of microtubules and among the populations of microtubules subjected to the analyses at each kinesin density. To compensate for this slight difference and to compare the r dependence of f between mutants, r in Figure 3B was corrected for each data point, assuming that the increase in the microtubules length is equivalent to the increase in the kinesin density in its effect, which increases the probability of the kinesin-microtubule encounter.
Single molecule motility assay
The protocol for single molecule motility assay originally designed for brain microtubules (Inoue et al, 2001 ) was modified for yeast microtubules. A flow chamber made of two coverslips (dimensions 9 mm Â 9 mm Â 80 mm) was first incubated with 6 ml of cytochrome c (C-2506, Sigma; 5 mg/ml in MA buffer) for 3 min, extensively washed with 50 ml of MA buffer, and loaded with 10 ml of yeastmicrotubule solution (10 mg/ml in MA buffer containing 10 mM Taxol (Taxol without fluorescent label; T-7402, Sigma)). The coverslips were coated with cytochrome c to facilitate the adhesion of yeast microtubules, which had lower affinity for the glass surfaces than the brain microtubules, to the wall of chamber. The chamber was subsequently incubated with 15 ml of BSA (1 mg/ml in MA buffer) to block nonspecific binding of kinesin to the glass surface. Then, 15 ml of MA buffer containing 1 mM BODIPY-FL Taxol (P-7500, Molecular Probes) and an oxygen scavenger (Harada et al, 1990) was introduced into the chamber, and the microtubules were observed under TIRFM. After the position of a BODIPY-FL-labeled microtubule was recorded (Digital video recorder DR20; Sony), 15 ml of HK560-Cy3 solution (0.29 nM in MA buffer) containing 0.1 mg/ml casein, 1 mM ATP, 10 mM Taxol (Taxol without fluorescent label), and an oxygen scavenger was introduced into the chamber, and the interaction of HK560-Cy3 with the microtubule was recorded. For image analysis of kinesin movement and experimental setup of the TIRFM microscope, see Supplementary Methods.
Measurement of unbinding force and stall force
For measurement of the unbinding force, kinesin-coated beads were prepared as described previously (Kojima et al, 1997) , except that the fluorescent polystyrene beads with a diameter of 1 mm (F-8823, Molecular Probes) were used. A flow chamber was first incubated with 15 ml of cytochrome c (5 mg/ml in MA buffer) for 5 min, and then washed with 50 ml of MA buffer. Subsequently, 10 ml of polarity-marked yeast microtubule solution including 10 mM Taxol (Taxol without fluorescent label) was infused into the chamber and microtubules were allowed to adsorb on the surface for 10 min. The chamber was then incubated with 15 ml of BSA (1 mg/ml in MA buffer) to block the nonspecific binding of kinesin-bound beads to the glass surface. Finally, 15 ml of kinesin-bound beads solution (25 fM of beads in MA buffer) containing an oxygen scavenger system (Harada et al, 1990) , 1 mM BODIPY-564/570-Taxol (P-7501, Molecular Probes), 1 mM AMP-PNP and 1 U/ml apyrase (AMP-PNP state) or 1 mM ADP and 1 U/ml hexokinase (ADP-state) was introduced into the chamber.
The chamber was set under the fluorescence microscope (Nishizaka et al, 1995) , and using optical tweezers, a single kinesin-bound bead was made to interact with a microtubule. An external load was applied to this bead-microtubule complex by moving the stage of the microscope at a constant speed (100 nm/s) by a piezoelectric transducer (P-611 NanoCube TM , Physic Instrument, Germany). The stiffness of the optical trap was 0.038 and 0.076 pN/nm for the experiment in the presence of ADP and AMP-PNP, respectively. All experiments were carried out at 24711C.
For the stall force measurement, the same protocol was used, except that the beads were coated with conventional two-headed kinesin and the force was measured in the presence of 1 mM ATP in a range of trap stiffness 0.019-0.076 pN/nm.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
